Abstract. To improve results in monthly rainfall prediction, a parametrization of precipitation has been developed. The thermodynamic energy equation used in the Adem thermodynamic model (ATM) and the Clausius and Clapeyron equation, were used to obtain a linear parametrization of the precipitation anomalies as a function of the surface temperature and the 700 mb temperature anomalies. The observed rainfall in Mexico over 36 months, from January 1981 to December 1983, was compared with the results obtained of the heat released by condensation, which is proportional to precipitation, using our theoretical formula, and those obtained using a statistical formula, which was derived for the ATM using 12 years of hemispheric real data. The veri®cation using our formula in Mexico, showed better results than the one using the statistical formula.
Introduction
The objective of this work is to obtain a parametrization of the precipitation anomalies, as a linear function of the surface temperature and the 700 mb temperature anomalies, in order to improve the prediction in monthly precipitation, using the Adem thermodynamic model (ATM).
The statistical parametrization of the precipitation which has been used in the ATM for the prediction of monthly precipitation in the United States (Adem and Donn, 1981) , and in Mexico (Adem et al., 1995) , and in climate simulations (Adem, 1996) , was derived by Clapp et al. (1965) , as a multiple regression equation for precipitation. They assumed that the anomaly of the total monthly precipitation can be expressed as a simple linear function of the local anomalies of mean-monthly temperature and the west-east and the south-north wind components at 700 mb. These three variables were chosen simply because there are physical reasons for expecting them to be related to precipitation. They assume the following linear regression equation À x 7 À 7x 7 À 7x d 7 À 7x 1 where is the total monthly precipitation (inches); 7 the monthly mean temperature u at 700 mb, and 7 and 7 , the horizontal wind components m s À1 at 700 mb, regarded as positive when from west to east and from south to north, respectively. The subscript x refers to normal or long period averages which, in this study, were the sample means. In order to determine the regression coecients, Y and d, approximately 12 y of monthly-mean data for 37 land or island stations scattered over the Northern Hemisphere were used. Data for individual stations were extracted from a variety of sources. In the vast areas where there were no measured precipitation ®gures (mainly over oceans) or where no computations were made, certain reasonable guidelines were followed based on the available calculations and on synoptic experience.
In spite of inadequate data coverage and low correlations, it was concluded that the geographical pattern of the temperature coecient , depends mainly on climate.
The distribution of the wind component coecients, and d, was assumed to depend mainly on terrain and latitude. Where westerly or southerly wind is directed from water to land and especially if it is forced to ascend mountains, a strong positive relationship between rainfall and wind is found, (demonstrated in Negri et al., 1993) . When it is directed downslope, these components are negatively related to rainfall. The south-north wind component, , tends to be positively related to rainfall almost everywhere due to the observed fact that convergence and rising motion prevails with southerly winds and the opposite with northerly wind. Equation (1) had to be modi®ed in order to be used in the ATM because the latter predicts the mean temperature in mid-troposphere (approximately 500 mb) and not the winds. The mid-tropospheric temperature anomalies can be used directly in the ®rst term on the right of Eq. (1), assuming there is little dierence in the anomaly of monthly mean temperature at 500 and 700 mb. However, the two terms involving the winds must be transformed in two important respects. First, the predictions are made for the NMC grid, which is a grid array of 1977 points on a polar-stereographic projection over the Northern Hemisphere, whose axis points along the 10 E meridian and axis along the 80 W meridian (Fig. 1) . Therefore, it is necessary to transform the eastward and northward wind components to the corresponding components H and H , directed along the positive and axes respectively by a simple transformation of coordinates. The second transformation is to convert the wind into a thermal wind (a measure of vertical wind shear), so that the wind components at 700 mb can be replaced by temperature gradients in mid-troposphere. The details of these transformations are not documented here.
Finally, the rainfall () in inches per month may be expressed in terms of the heat released by condensation q 5 in the atmosphere cal cm À2 day À1 % 0X484 W m À2 , by multiplying in cm day À1 by the latent heat of condensation v in cal g À1 and by the water density q w in g cm À3 . Using these transformations, Eq (1) becomes:
where q 5 À q 5x is expressed in cal cm À2 day À1 ; the subscripts i and j, are index numbers identifying the and coordinates, respectively, of the NMC grid. hx denotes the departure from normal of mid-tropospheric temperature, m À mx in u; and the wind components are replaced by temperature gradients in the midtroposphere. Finally, the transformed coecients H ,
H
and d H were determined as functions of the statistical regression coecients , and d interpolated at each grid point.
Theoretical parametrization
For the parametrization of precipitation we will try to develop a theoretical linear formula similar to Eq. (2), to be used in the ATM and attempt to improve the results in monthly rainfall prediction.
We start with the thermodynamic energy equation which can be expressed as 
Ã
, is the heat released by precipitation associated with convection cumulus activity which usually dominates over the equator, the tropics and higher latitude continental areas in the summer.
The three-dimensional ®eld of temperature in the atmosphere is expressed by:
where b is the constant lapse rate of the standard atmosphere and is the temperature of z r , where r 9 km is the height of the ATM. Using Eq. (4) together with the hydrostatic equilibrium and the perfect gas equations we obtain: Ã Ã a 5
where and q are the corresponding values of Ã and q Ã at z r , and a gab; g is the gravitational acceleration; and is the gas constant of humid air. The saturated speci®c humidity is given with good degree of approximation by: where e Ã s is the saturation water vapor pressure, which is a function of temperature and can be expressed with a simple formula (Adem, 1967a ):
where e Ã s is in millibars and t Ã Ã À 273X16 C; Ã is the absolute temperature given by Eq. (4); 1 6X115, 1 0X42915, 1 0X014206, d 1 3X046 Â 10 À4 and l 1 3X2 Â 10 À6 . The relative change of the saturation vapor pressure is related to the relative change of temperature by the Clausius ± Clapeyron equation:
and where q Ã is the speci®c humidity, which can be computed from the conservation of water vapor equation. In Eq. (12), the ®rst term of the right hand side represents the latent heat release by adiabatic ascent of saturated air when d 1; and the second term represents the latent heat release by non-adiabatic cooling of saturated air when d H 1. We assume that all water vapor is concentrated below the 500 mb surface; therefore the total heat released by condensation of water vapor q 5 , for a vertical column of r 1 height at 500 mb and unit area, is obtained integrating the following equation from the surface in z h to z r 1 :
where h is the height of the terrain. Substituting Eq. (12) into Eq. (15) we obtain:
A diagnostic formula for the vertical wind, Ã , has been derived by Adem (1967b) , showing that the use of the divergence of geostrophic wind is a good working method for the computations of vertical wind when dealing with average states over periods of a month. In this work, we use Adem's formula for Ã , with some subsequent modi®cations carried out by Mendoza (1992) 
q and given by Eqs. (18) and (19) are the density and the temperature at z h, respectively. In Eq. (17), the terms of the Jacobians t f Y and t f Y correspond to the divergence of geostrophic wind and i Ã zh given by
is the vertical wind at the surface, which is approximated as the vertical wind emerging from the Ekman layer to the free atmosphere. is the vertical surface wind induced by the terrain slope, which plays a key role in de®ning the local main rain features (Negri et al., 1993) and s is the surface stress. is given by 3 Á rh 21
where 3 is the horizontal surface wind. The component along the axis (pointing toward the local zenith) of the rotational of surface stress, can be approximated by
where g h 1X5 Â 10 À3 is the drag coecient of the wind, (Kasahara and Washington, 1967) . j 3 x j is the normal value of the horizontal surface wind speed taken from ATM climatological ®les; u and v are the and components of the horizontal surface wind, respectively, where the directions of the horizontal coordinates axes are arbitrarily chosen.
In Eqs. (21) and (22), 3 is assumed to be a geostrophic wind. Therefore, in order to obtain its components we use the three-dimensional geostrophic wind for a layer of height r with a constant lapse rate, obtaining:
According to Adem (1967b) , the contribution of the terms containing dqadx and dqady in formulas (23) and (24) is negligibly small compared with the terms containing d adx and d ady. Therefore, evaluating the components u Ã and v Ã for z h, we obtain
where
Substituting Eqs. (25) and (26) into Eqs. (21) and (22), and the resulting expressions in Eq. (20), we obtain:
Using the approximation t f Y % qt f Y a t f Y , and Eq. (28) into Eq. (17), we obtain: where q 2 is the sensible heating given o to the atmospheric layer of depth r , by vertical turbulent transport which was parametrized by Clapp et al., (1965) and is expressed as (Adem, 1965) .
The heating rate due to the divergence of horizontal turbulent¯ux, can be written by (Mendoza, 1992) :
where p is the speci®c heat at constant pressure, q Ã is given by Eq. (6), and Ã by Eq. (4); and K is the Austausch coecient.
The heating rate per unit volume due to the heat released by precipitation associated to convection cumulus activity was parametrized by Kuo (1965) with the following formula:
where r is a parameter without dimension, related to the area covered by convection cumulus; Dt the lifetime parameter of convection (30 min); Ã m b Ã , the three dimensional temperature along the moist adiabat which passes through the lifting condensation level.
For this work, we use the following crude approximation:
where m is the moist adiabat temperature at z r a2, and m br a2 is the temperature Ã in z r a2; and e 0 is given by:
where q m q Ã at z r a2. For average states over periods of a month or a season, we assume that r / is a Gauss function of latitude given by:
where / is the latitude angle and / 0 0 at winter and spring and / 0 10 at summer and fall. In expression (39), we assume that convection cumulus activity dominates around the equatorial zone. We prescribe r 0 r // 0 0X025 and c 8X2 Â 10 À4 is an empirical parameter which is used when / is given in degrees. Washington and Williamson (1977) , assume that r 1 if the lower layers become supersaturated, and Krishnamurti (1969) , suggests that r 0X01.
The linear equation
Using Eqs. (29), (30), (33), (35) and (37) into Eq. (16), and substituting the integration variable by dz À1ab d Ã , (Adem, 1968a) , we obtain:
where 1 is the temperature at 500 mb, and is given by Eq. (19) . Since we will use 500 mb data to compute the integrals (41), , and q can be computed applying Eqs. (4) and (5) at z r 1 (500 mb height). Therefore, we obtain
Furthermore, q is computed from the perfect gas equation:
q a 44
Using , and q for 500 mb, we can compute q and from Eqs. (18) and (19) Table 1 .
In order to obtain a linear formula for the anomalies of q 5 similar to Clapp et al.'s (1965) Eq. (2), we have used normal values for the coecient of (40) . In agreement with conditions (13) and (14), theoretically d and d
H can be determined from a diagnostic formula for the vertical wind Ã , and from the conservation of water vapor equation. However since these equations are not contained explicitly in ATM, it is not possible to use this procedure. Therefore we have assumed arbitrarily d d H 1 in the integrals (41). This procedure could overvalue the precipitation in subsidence zones and/ or relative humidity below 100%. Taking into account these considerations, we have
The coecients in Eq. (46) are given by:
The coecient HH contains terms of longwave radiation heating and sensible heating which are the surface temperature coecients in Eqs. (31) and (34).
The terms contained in HH are the heating generated by longwave radiation, sensible heating and latent heating release in convection cumulus activity; they are the coecients of 700 mb temperature in Eqs. (31), (34) and (37).
HH and HH are coecients related to the second term in Eq. (12), therefore the ®rst and the second terms of the right side of Eq. (46) represents the latent heat release by non-adiabatic cooling of saturated air.
The coecients HH and d HH are related to the ®rst and second terms of the right side of the vertical wind Eq. (29); and therefore, the third and the fourth terms in the right side of Eq. (46), represents the anomalies of precipitation due to the latent heat of saturated air induced by the terrain slope and by the divergence of geostrophic wind.
The coecient e HH , contains the drag coecient g h and the Austausch coecient K; therefore, the last term in the right side of Eq. (46) represents the anomalies of precipitation due to the latent heat release by adiabatic ascent of saturated air induced by surface friction, plus the latent heat release by non-adiabatic cooling of saturated air due to the divergence of horizontal turbulent¯ux.
The shortwave radiation heating is included in the second term of the right side of the k x equation so it is included in all coecients.
In the coecients HH , d
HH and e HH , w is the map factor in a polar stereographic projection:
where / is the latitude angle, h is the distance between consecutive points, f x df ad , f y df ad , h x dhad , and h y dhad , and where
Numerical results
We assume that the statistical parametrization (Clapp et al., 1965) , which was developed using observed rainfall, temperature and wind data and where the coecients , and d were determinated by multiple correlation in a linear equation, is a good comparative equation to test our theoretical parametrization. (Figs. 3d, 4d) . The r coecients between the ®elds are 0.19 and A0.07 respectively. This dierence may be related to atmospheric phenomena which were not included in our parametrization. The corresponding coecients to HH and e HH do not exist in Eq. (2), and therefore we cannot compare these coecients. In the maps of winter and summer, (See Fig. 5 ) they are negative in the whole Northern Hemisphere and it is interesting to point out that above Fig. 5a±d . 
